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In this paper we address stereodynam ical issues in the inelastic encounters between OH (X2n )  
radicals and HCl (X 12+). The experim ents w ere perform ed in a crossed m olecular-beam  m achine at 
the nominal collision energy of 920 cm -1. Prior to the collisions, the OH molecules were selected 
using a hexapole in a well-defined rotational state v =0, f t = 3 /2 , J = 3 /2 ,  M j = 3 /2 , f ,  and 
subsequently oriented in a hom ogeneous electrical field. We have m easured rotationally resolved 
relative cross sections for collisions in w hich OH is oriented with either the O side or the H side 
towards HCl, from  which we have calculated the corresponding steric asym m etry factors S. The 
results are presented in com parison with data previously obtained by our group for the inelastic 
scattering of OH  by CO (Ecoll=985 cm -1) and N 2 (Ecoll= 985 cm -1) studied under similar 
experim ental conditions. The dissim ilarity in the behavior of the O H + HCl system revealed by this 
com parison is explained on the basis o f the difference in the anisotropy of the interaction potential 
governing the collisions. The interpretation of the data takes into account the specific features of 
both nonreactive and reactive parts o f the potential-energy surface. The results indicate that the 
scattering dynam ics at this collision energy may be influenced by the H O -H C l van der Waals well 
and by reorientation effects determ ined by the long-range electrostatic forces and, furthermore, may 
involve reactive collisions. © 2005  A m erican Institute o f  Physics.  [DOI: 10.1063/1.1978874]
I. INTRODUCTION
The dependence of the dynam ics on the orientation of 
the colliding partners represents a key issue for molecular 
collision processes. In particular, the reactivity of the system 
depends not only on the reaction barrier height, but also on 
the relative orientation of the reactants before and during 
reactions.1 Consequently, the developm ent o f techniques for 
m olecular axis alignment or orientation has becom e an im ­
portant goal in the field of reaction dynamics. The techniques 
available to date em ploy collisional processes, optical, and/or 
static electrical fields in order to achieve the desired 
alignment/orientation. The first m ethod is based on the col­
lision processes present in the supersonic expansions used to
2—4produce m olecular beams. The collisions between the 
m olecules induce a preferential alignment of their rotational 
angular m om entum  perpendicular to the flight axis, thus cre­
ating an anisotropic spatial distribution of the m olecular 
axes. An alternative approach is based on the use of polar-
5—7ized laser radiation to align molecules. An optical laser 
field resonant w ith a parallel or perpendicular transition of 
the m olecule im poses an alignment o f the random ly distrib­
uted rotational angular momentum. W ith this m ethod it is 
possible to create samples of aligned m olecules in the ground 
or excited vibrational/electronic states. The main drawback 
of this technique is related to the fact that only a small per­
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centage of the molecules will be aligned, depending on the 
absorption cross section for the selected transition and the 
laser intensity em ployed. The advent of powerful lasers has 
m ade it possible to produce m uch stronger alignment using 
polarized fem tosecond laser radiation. In turn, the use of the 
static electrical fields allows not only the alignment, but also 
the orientation of molecules. Actually, there are two m ethods 
to control the orientation by electrical fields: brute force 
orientation9-11 and hexapole state selection and 
orientation.12-14 W hile the first one em ploys very strong ho­
m ogeneous fields to orient polar molecules, the other uses 
w eak hom ogeneous fields preceded by hexapole fields. The 
radial field of the hexapole focuses only the trajectories of 
m olecules in a particular quantum  state, creating the so- 
called m olecular state selection and a local orientation. A 
subsequent w eak hom ogeneous field is necessary in order to 
achieve the desired orientation. The need for improvement 
and generalization of the orientation techniques led recently 
to a new m ethod com bining strong optical fields with static 
electrical fields.15,16
The orientation issues also received a lot o f interest from 
a theoretical point of view, prim arily in connection with the 
field of dynam ical stereochemistry. For theoreticians, the 
term  “orientation” has a different definition and it is ex­
pressed in the m olecular frame, while the experim ental ori­
entation is expressed in the laboratory frame. W hereas in the 
experim ental case, the concept o f orientation refers to the 
relative orientation of reagents before the collision process, 
the theoretical models consider their relative orientation at 
the reaction barrier. Therefore, it is intim ately related to the 
so-called cone of acceptance, defined in terms of steric re­
© 2005 American Institute of Physics0021-9606/2005/123(6)/064310/8/$22.50 123, 064310-1
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quirem ents im posed by the orientation dependence of the 
reaction barrier height.1,17 The idea of cone of acceptance 
through which the collision trajectories must pass in order to 
access the transition state (TS) and to becom e reactive is
derived from the angle-dependent line of center (ADLOC)
18_20
model. In this model the barrier is chosen to depend on 
the angle of attack defined between the sym m etry axis o f the 
m olecule and the line connecting the centers of m ass of the
reactants. Generally, the correspondence between the experi-
21mental and theoretical orientations is not unique.
M ost of the experim ental and theoretical works on ori­
entational effects are devoted to the study of the reactive 
scattering processes (see reviews from  Refs. 22 and 23). The 
first m easurem ents of steric effects in inelastic collisions 
were reported by Stolte and co-workers. They have per­
formed state-to-state investigations of collisions between NO 
and Ar or He, in w hich NO was state selected and oriented
24_27by means of static electrical fields. Both systems exhibit 
quite a peculiar aspect in the sense that the steric asymmetry 
factors had an oscillatory behavior also reproduced by quan­
tum  scattering calculations. U sing the same technique, our 
group tackled the stereodynam ics of the inelastic collisions 
between OH and several atomic and m olecular collision part­
ners. Like NO, OH is an open-shell molecule, but its ro ta­
tional structure is described by the interm ediate H und’s case 
coupling and thus behaves differently from NO  in inelastic
collisions. Steric asym m etry m easurem ents were first re-
28ported for the scattering of OH by He, Ar, n -H 2 , and p -H 2 . 
Subsequently, results o f orientational effects for O H -C O  and 
O H _ N 2 systems w ere obtained w ith improved detection 
sensitivity.29 The availability of high quality a b  initio 
potential-energy surfaces (PESs) enabled a joint experimen-
30tal and theoretical study of the OH-Ar system. The agree­
ment of the experim ental steric factors with those obtained 
by quantum  scattering calculations illustrates the great poten­
tial of inelastic-scattering experim ents in assessing the accu­
racy of the PESs employed.
In this paper we address the stereodynam ical issues of 
the inelastic scattering between OH and HCl. The study was 
carried out in a crossed m olecular-beam  setup at the collision 
energy of 920 cm -1. By means of static electrical fields, the 
OH reagent was selected in a single-quantum  state, v  =0 , 
f t = 3 /2 , J = 3 /2 ,  M J = 3 / 2 , f ,  and was oriented with either the
O side or the H side pointing towards HCl. We have defined 
a steric asym m etry factor S  as the ratio between the differ­
ence and the sum of the relative cross sections for each ori­
entation. S  is m easured as a function of the A -doublet sym ­
metry of the OH final rotational state for the scattering into 
either spin-orbit m anifolds. The values of S  are discussed in 
com parison with those obtained for collisions of OH with 
CO and N 2 at a similar collision energy (Ecoll= 985 cm -1) 
and under sim ilar experim ental conditions. For the interpre­
tation of the m agnitude and the sign of the steric asymmetry 
factor, the dynam ical relevant features o f both nonreactive 
and reactive parts of the PESs are considered.
II. EXPERIMENTAL SETUP
The experim ental setup presented in Fig. 1 is identical to 
that used previously for state-to-state inelastic scattering ex-
laser beam
HCl
orienting field
H  I photomultiplier
H20 /A r -3kv
FIG. 1. Schematic representation of the experimental setup.
30perim ents between oriented OH and Ar. Four parallel stain­
less steel rods have been inserted into the collision region for 
the orientation of the OH radicals. Both m olecular beams 
with typical pulse widths of 4 0 -5 0  /xs were obtained by ex­
panding the gas mixtures through pulsed-current loop valves 
(Jordan Inc.). The HCl (X 12+) beam  was produced by ex­
panding pure HCl through a 0.5-m m -diam eter nozzle. In or­
der to ensure the single-collision regim e, the backing pres­
sure was chosen to be around 530± 30  Torr. From  resonantly 
enhanced m ultiphoton ionization (REMPI) (1 + 1 ') m easure­
m ents o f the V 12+ -X 12+ transition around 118 nm, the rota­
tional tem perature was determ ined to be 2 0 ± 5  K. A t a dis­
tance of 85 m m  from the nozzle exit, the HCl beam  was 
crossed at right angle by the OH (X2n )  beam. The OH beam 
was created by means of a pulsed discharge established at the 
nozzle exit in a m ixture of 4% H 2O vapor and Ar at the 
pressure of 600 Torr. The collision energy was estim ated to 
be 920 cm -1 with a spread [full w idth at half m axim um  
(FW HM )] of 250 cm -1.
The initial rotational distribution of the OH beam  (T rot 
«  35 K) obtained by supersonic cooling was reduced to a 
single-quantum  state distribution ( f t = 3 /2 ,  J  = 3 /2 ,  M J 
= 3 /2 , f )  by using the spatial focusing properties o f the hexa- 
poles. A  positive voltage of 23 kV was applied to every other 
rod of the hexapoles, while the other rods were kept at 
ground potential, in order to focus only the OH radicals in 
the desired state in the collision region located 36 cm away 
from  the nozzle exit. The rotational distribution of the m o­
lecular beam  in the collision region consisted of 93.3% OH 
in the f t = 3 /2 , J = 3 /2 ,  f  state and about 4% in the f t  = 3 /2 , 
J  = 5 /2 , f  state, with the rest of the m olecules being distrib­
uted among 11 other rotational states. The ratio o f the M J 
state populations, |MJ=3/2| /  |MJ=1/2|, in the J  = 3 /2  state was 
m easured to be 15.8. An extensive description of the electro­
static state selection m ethod and of the technical character­
istics of the hexapoles is given in Refs. 28 and 30.
Prior to the collisions with HCl molecules, the OH radi­
cals are oriented in a static electrical field created by a 
±12 kV voltage applied pairw ise on the four rods. The direc­
tion of the electrical field was set parallel to the relative 
velocity and its orientation was changed by switching the 
polarity of the rods. The OH radicals could therefore be ori­
ented w ith either the O side or the H side towards the HCl 
partner. The degree of the orientation can be quantified using 
the following formula:
f t MJ
<cos 6) m ] ( E)  = 2aM](E)ßM](E) j j + J - ) , (1)
where 9 is the angle between the m olecular axis and the 
electrical field axis and J , f t ,  and M J are the total angular
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m om entum  and its projections onto the m olecular and elec­
trical field axis, respectively. a Mj(E) and ß M](E) represent 
the coefficients used to express the total electronic wave 
function in the electrical field, |JM Jf tE ), as a linear com bi­
nation of the field-free w ave functions j M f t e )  and 
|J M jf tf ):
|JM jftE ) = aM (E')\JMjfte) + ß M ,(E ) |JM jf tf ) . (2)
A t the value of the electrical field used in this experiment,
7.5 kV /cm , the degree of m ixing between states of e and f  
symm etries is rather small, thus these states could generally
30,31be labeled using this convention. For the present condi­
tions, the degree of orientation was determ ined to be 
(cos 9)=0.549 close to the m axim um  theoretical value of 
0.6, obtainable in the high electric-field lim it for molecules 
in the f t = 3 /2 , J = 3 /2 ,  M J= 3 /2  state. The electrical field 
hom ogeneity across the collision region was checked as de­
scribed in Ref. 30 in order to make sure that all the m ol­
ecules were subjected to the same orientating force. M ore 
details on the orientation of m olecules in static electrical 
fields and on the determ ination of the degree of the orienta­
tion can be found in Refs. 28 and 30.
The rotational distribution of the scattered OH radicals, 
as well as their initial state distribution was probed by the 
saturated laser-induced fluorescence (LIF) method. A 
N d:yttrium  alum inum  garnet (YAG) pum ped dye laser (Con­
tinuum  T D L-60+C ontinuum  681C) operating at 10 Hz 
was used to produce by frequency doubling the radiation 
at around 308 nm  necessary for the excitation of the 
A22 + (v ' = 0)-X2n (u  = 0) transition. The laser beam  was po ­
larized using a beam  splitter cube polarizer and a X/2 plate 
in order to get the best signal-to-noise ratio for the fluores­
cence. The polarization axis was set at an angle different 
from 0° or 90° with respect to the electrical field axis in 
order to allow the unbiased detection of the population of all 
M J substates. Power-broadening effects were avoided by us­
ing typical laser energies of about 0 .5 -0 .8  m J/pulse. A 
probe beam  with a hom ogeneous intensity distribution was 
obtained by cutting off the low-energy wings of the laser 
beam  spatial profile. The transitions of the P 1 or Q2 branches 
were used to probe e state populations, whereas the f  state 
populations were m easured via Q 1(J) or P 2(J) transitions. 
N ote that the Q2(2) and Q2(3) lines cannot be resolved 
within the laser bandw idth of 0.45 cm -1, therefore the f t  
= 1 /2 , J = 3 /2 ,  e and f t  = 1 /2 , J = 5 /2 ,  e state populations 
were probed simultaneously. All m easurem ents were per­
formed with the laser w avelength parked at the transition 
peaks. The OH fluorescence was optically and spatially fil­
tered and im aged onto the photom ultiplier tube EM I 
9235QB. The output o f the photom ultiplier was amplified 
five tim es and subsequently gated and integrated using a 
boxcar averager. The discrim ination between the collision- 
induced population and the initial state population was made 
by altering the delay of the HCl beam  with respect to the 
collision event from 0 to 10 ms. State-resolved cross sec­
tions w ere m easured for collisions in which OH was oriented 
with either the O side or the H side tow ards HCl. An aver­
aging over 2000 laser shots was perform ed for each orienta­
tion. In order to com pensate for experim ental drifts in laser
energy and alignment, the m easurem ent session was com ­
posed of three consecutive sequences: one of 1000 laser 
shots for one of the two OH orientations followed by a block 
of 2000 laser shots for the opposite orientation and again by 
a sequence of 1000 laser shots for the initial OH orientation.
III. DATA ANALYSIS
In order to quantify the influence of the relative orienta­
tion of the OH radical in the scattering process, we define a 
steric asym m etry factor as follows:
S = -  J ° H-HCl x  1 0 0 %
J HO-HCl + J OH-HCl
(3)
The j ho-hci and j oH-HC1 cross sections represent the relative 
state-to-state cross sections for the collisions in which OH is 
oriented towards HCl with the O side and the H side, respec­
tively. A  positive value of S  would indicate that the cross 
section for the collision at the O side is the largest, while a 
negative value would correspond to the opposite situation.
31As shown previously, the relative state-to-state colli­
sion cross section, j i^ f ,  for scattering out o f the initial state
i into a final state f  can be calculated using the following 
formula:
SSf fr. r Li^ f
n iLff 'Pff 'Ff
(4)
in which SSff' represents the scattering signal obtained by 
subtraction of the fluorescence signal corresponding to the 
initial population from the fluorescence signal corresponding 
to the final population of the state f ,  n i represents the popu­
lation density of the initial state before collisions, L f f  repre­
sents the rotational line strength of the transition used to 
probe the f  state, Pff'  is the laser pow er at the excitation 
frequency, and F  is the flux-to-density transform ation factor. 
Consequently, in the saturation limit, the “state-to-state” 
steric asym m etry factor can be determ ined directly from the 
scattering signal SSff' as the other factors cancel out. The 
detection sensitivity is similar, regardless of the final state of 
the scattered molecules, due to the small spread in the
32kinetic-energy release and consequently, a com parable 
“residence tim e” in the detection region of all scattered m ol­
ecules. In these conditions, we have defined a detection re­
gion which exceeded the dim ension of the collision region in 
order to ensure the detection of all the scattered molecules. 
For each quantum  state, S  was averaged over six to 45 m ea­
surements. The error bars were calculated using a weighted 
statistical analysis.
IV. RESULTS AND DISCUSSION
Before presenting the results, it should be recalled that 
the experim ents o f inelastic scattering perform ed without ori­
enting the OH radicals pointed to an inefficient rotational 
energy transfer (RET): only approxim ately 40%  of the ki­
netic energy was transferred into internal energy. Generally, a 
propensity was found for spin-orbit-conserving transitions, 
but no propensity for excitation into a particular A-doublet
32com ponent of the same rotational state was evident.
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TABLE I. Steric asymmetry factors measured for inelastic collisions of OH with HCl presented in comparison 
with the steric asymmetry factors obtained for the scattering of OH by CO and N2 (Ref. 29). The errors 
represent one standard deviation and for OH+HCl were obtained using a weighted statistical analysis.
Final state OH + HCl OH + CO o h +n 2
ft J 1 G £coll=920 cm-1 Ecoll=985 cm-1 Ecoll=985 cm-1
3/2 5/2 e 3.0±1.2 -1.6± 0.5 1.1 ±0.7
5/2 f -16.5± 1.6 23.2 ± 1.6 25.2±1.9
7/2 e -1.1±3.5 -8.8± 0.8 -4.9±1.1
7/2 f -21.3±5.4 -23.4 ±2.8 -17.7±3.1
9/2 e 18.8 ± 12.4 -17.7±3.5 -5.5±2.6
9/2 f -5.28±6.53 -29.4± 7.2 -7.0±3.9
1/2 1/2 e 6.7±4.0 -3.3± 0.7 -13.4± 1.0
1/2 f -0.3±3.7 10.2± 1.0 1.1± 1.8
3/2 and 5/2 ea 7.1 ±3.3 -6.4± 0.8 -5.3±1.2
3/2 f 9.2±8.6 11.8± 1.3 4.3±1.9
5/2 f -22.2 ± 10.6 -6.6± 1.8 -4.9±2.1
aThe measured steric asymmetry factor contains contributions from both 3/2e and 5/2e states as the absorption
lines used to probe them could not be resolved within the laser bandwidth.
The values of the steric asym m etry factors m easured for 
collisions of OH with HCl are displayed in Table I and Fig.
2. Due to the absence of other experim ental or theoretical 
data, the discussion of these results will be presented in com ­
parison with those previously obtained by our group for the
29inelastic collisions of oriented OH with CO and N 2. For 
convenience, the steric factors m easured for these two sys­
tems are displayed in Table I and Fig. 3. As can be seen from 
Table I, the steric factor m easured for O H + H C l system  de­
pends on the spin-orbit m anifold and on the A -doublet sym ­
metry of the final state and varies between 18.8% for the 
f t  = 3 /2 ,  J = 9 /2 ,  e state and -21 .3%  for the f t = 3 /2 , J  
= 7 /2 , f  state for spin-orbit-conserving transitions, and b e­
tween 9.2% for the f t  = 1 /2 , J  = 7 /2 , f  state and -22 .2%  for 
the f t  = 1 /2 , J  = 5 /2  state for spin-orbit changing collisions. 
The overall variation is sim ilar to that observed for the OH 
+ N 2 system, for which S  varied from 25.2% for the f t  
= 3 /2 , J  = 5 /2 , f  state to -17 .7%  for the f t = 3 /2 , J = 7 /2 ,  f  
state, but slightly lower than that m easured for the OH
+ CO  system, for which S  varied between 23.2%  for the f t  
= 3 /2 , J  = 5 /2 , f  state to -29 .4%  for the f t = 3 /2 , J = 9 /2 ,  f  
state. It is interesting to note that for all the collision partners 
the highest absolute values of the steric asym m etry factors 
w ere generally found for spin-orbit-conserving transitions. 
For scattering into rotational states of the same spin-orbit 
manifold, f t = 3 /2 , we m easured negative values for 
sym m etry-conserving transitions and zero or positive values 
for sym m etry-changing transitions. In turn, for spin-orbit- 
changing transitions f t = 3 / 2 ^ f t  = 1 /2 , S  is slightly positive 
and alm ost independent o f the final rotational state and its 
A -doublet symmetry, except for the negative value measured 
for the excitation into the f t  = 1 /2 , J  = 5 /2 , f  state. This be­
havior is different from  that m easured for collisions between 
OH and CO or N 2. Generally, for these systems, S  exhibits a 
quasim onotonical dependence with the rotational quantum 
number of the final state, w ith positive values at low J  and 
negative ones at high J. An intuitive reasoning can be used to 
describe such generic behavior. Considering that the un-
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FIG. 2. Steric asymmetry factor for in­
elastic collisions of OH with HCl, 
measured at the collision energy of 
920 cm-1. The final spin-orbit state 
and the A-doublet symmetry are indi­
cated at the top each panel.
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FIG. 3. Steric asymmetry factor for in­
elastic collisions of OH with HCl, CO, 
and N2 measured at the collision ener­
gies of 920, 985, and 985 cm-1, re­
spectively. The final spin-orbit state 
and the A-doublet symmetry are indi­
cated at the top of each panel.
paired electron occupying the t t  orbital is located closer to 
the O atom, one m ight expect a propensity for collisions at 
the O side (positive S). Conversely, the preference for colli­
sions at the H side (negative S) observed for excitation into 
high rotational states could be pictured in a classical manner 
using the ball-and-stick model. It is m ore efficient to exert a 
large torque, needed for high rotational excitations, at the H 
side as it is farther away from  the center o f mass. These 
models were used to rationalize the rotational dependence of 
S  observed in the collisions of OH with the “spherical” Ar
30atom. Nevertheless, these sim plistic explanations cannot be 
used to describe the behavior of the O H + H C l system for 
which the interm olecular interactions are much stronger due 
to the existence of quadrupole and dipole moments.
W hile for collisions with CO and N 2 the steric asym m e­
try factor is positive for the excitation into the lowest ro ta­
tional state, f t = 3 /2 , J = 5 /2 ,  f ,  the collisions between OH 
and HCl lead to a negative S  w ith an absolute value of 
16.5±1.6. This result represents the m ost striking difference 
in the behavior of the O H + H C l system as com pared with the 
O H + C O  and O H + N 2 systems. Basically, a negative value 
for S  means that a smaller number of OH m olecules was 
detected in the final state after collisions at the O side than 
upon collisions at the H side. This corresponds to larger in ­
elastic cross sections for the scattering at the H side, but 
could also be an indication that a part o f the OH molecules 
colliding with the O side are “rem oved” from  the detection 
region. We should recall here that for each quantum  state, the 
collision signals for both orientations were recorded in the 
same m easurem ent session. In particular, for scattering into 
the lowest rotational state, f t = 3 /2 , J = 5 /2 ,  f ,  the steric fac­
tor was obtained by averaging over a set of 45 measurem ents 
recorded over a w idespread period of time, indicating that its 
negative sign is not due to an experim ental artifact.
The negative value for S  is due to the anisotropy of the 
interaction potential w ith respect to the approach of HCl 
m olecules to one or the other end of the OH radical. There­
fore, by exam ining the landscape of the PES we can obtain 
inform ation to explain this behavior. The existence of strong
dipole moments for both HCl and OH determ ines strong 
long-range electrostatic interactions which lead to the form a­
tion of van der Waals wells. It was found using different 
levels o f theory33-37 that the deepest van der Waals well is 
located at the O side of the OH radical and its depth was 
estim ated in the range 8 7 0 -1 9 0 0  cm -1. A b  initio calculations 
employing quadratic configuration interaction with single, 
double, and perturbative triple excitation (QCISD(T))34 
found on the ground-state 2A" potential surface a planar 
L-shaped H O -H C l com plex (0HOH=112° and 0OHCl=174°), 
w ith a binding energy of 1100 and 550 cm-1 when the zero­
point energy is included. Similar com plex geom etry and dis­
sociation energy were obtained from  restricted coupled clus­
ter with single, double, and perturbative triple excitation 
calculations (RCCSD(T)) on the lowest adiabatic surface 2A " 
and on the diabatic surface Vsum, expressed as the average of 
the two adiabats 2A" and 2a ' . 35,36 Three other weaker com ­
plexes w ere found using the QCISD(T) method, but only one 
resulted in an interm olecular bond at the H side (D0 
~  250 cm -1) located on the excited potential surface, 2A '.  
Exploring the PES landscape farther into the reactive region, 
an early transition state (TS) can be located in the entrance 
channel of the 2A ' surface. The geom etry of the TS is bent 
and nonplanar with a H -O -H  angle (103°) sim ilar to the
33,34,37,38angle formed by the bonds of the H 2O product. In
turn, the geom etry is quasilinear with respect to the approach 
of the HCl m olecule (0OHCl= 1 4 3 ° -1 5 6 ° ), as typically 
found for the heavy-light-heavy reaction type. The TS corre­
lates to the H O -H C l com plex via a conical intersection be­
tween the 2A ' and 2A" surfaces. M oreover, the TS and the 
van der Waals structure bear a rem arkable similarity, only a 
shortening and a slight bending of the interm olecular bond 
are required to attain the saddle-point configuration from the 
geom etry of the com plex. Thus, the orientations conducive to 
the formation of the H O -H C l com plex are also favorable for 
the reaction and this com plex is likely to act as a precursor 
for the reaction. On the basis of the theoretical calculations 
presented above, the negative steric asym m etry could be in­
Downloaded 14 Mar 2011 to 131.174.17.17. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
064310-6 Cireasa, Moise, and ter Meulen J. Chem. Phys. 123, 064310 (2005)
terpreted as a manifestation of the van der W aals forces. 
Thus the experim ental fact suggests that the H O -H C l well 
seems to influence the dynam ics at this low collision energy. 
In the single-collision regim e, if  “formed,” the van der Waals 
com plex is born with an excess of internal energy that may 
be used to surm ount the reaction barrier and/or to (pre)dis- 
sociate the complex.
Besides the relative orientation of the reagents, the reac­
tivity is also controlled by the height o f the barrier to the 
reaction. This was estim ated from  the kinetic data to lie b e ­
tween 200 and 800 cm-1 and by theoretical calculations to be 
around 8 0 0 -9 0 0  cm -1.33,37-40 Yu and N ym an33 found a vi­
brational adiabatic ground-state barrier height (V^) of 
810 cm -1, but had to lower it to 350 cm -1 in order to obtain 
agreement with the experim ental rate constants. Steckler 
et a l .,38 who calculated a higher barrier V = 920 cm -1) us­
ing the CCSD(T) method, appreciated an uncertainty much 
larger than 100 cm -1 due to the use of different basis sets for 
the calculation of the zero-point energies. Consequently, it is 
reasonable to assume that the real barrier to the reaction 
would be in the range of 3 0 0 -8 0 0  cm -1 and that the colli­
sion energy of the present experim ent (920 cm -1 with a 
FW HM  of 250 cm -1) is very likely to exceed the barrier. The 
reaction cross section at this collision energy was estim ated 
to be 1.5 Â 2,33 quite sim ilar in m agnitude with the inelastic
34 33cross sections. M oreover, Yu and N ym an found that at 
low collision energies, the reaction between OH and HCl is 
dom inated by the van der Waals forces determ ining tunnel­
ing effects. Supposing that the effect o f the reactions is non- 
negligible, the OH molecules with favorable orientations 
may be rem oved from the detection region due to reactions. 
U nder this hypothesis, the negative value obtained for the 
steric asym m etry factor can be interpreted not only as a re ­
flection of the head-tail asym m etry of the PES, but also as an 
indication of possible reactions interfering in the dynam ics at 
this collision energy.
The idea that the van der W aals well m ay influence the 
dynam ics at low  collision energies has some precedent, con­
firmed both experim entally and theoretically for the Cl 
+ H D  reaction. In this case, the w eak van der Waals well, 
located in the entrance channel, has a substantial effect on 
the reaction branching ratio at low  collision energies when 
HD is rotationally unexcited.41 Furtherm ore, recent five­
dimensional (5D) quantum  wave-packet calculations and a 
quasiclassical trajectory (QCT) study of the reaction prob­
abilities for the O H + C O  system indicate that the van der 
Waals interaction in the entrance channel is largely respon­
sible for the reactivity at collision energies below 
1650 cm -1.42,43 The PES for the OH + CO  system  contains 
two linear van der W aals com plexes, O H -C O  (De 
= 7 0 0 -8 0 0  cm -1) and O H -O C  (D e= 4 0 0 -5 0 0  cm -1), and 
two reactive intermediates, trans-H O C O  and cis-HOCO, 
with deep wells o f about 10 000 cm -1, which play an im por­
tant precursor role connecting the reactants to the 
products.44-46 From  electronic structure calculations it was 
found that the van der W aals com plexes evolve directly into 
cis /trans-H OCO  interm ediates by interm olecular bending 
motion.44 D ue to the low reaction barrier (V ^=400 cm -1),46 
at the collision energy of 985 cm -1, the m olecules could
sam ple the whole PES. Taking into account these theoretical 
predictions, one m ay expect that the most favorable orienta­
tion for reactions occurs when the OH radicals are oriented 
with the H side towards CO, resulting in a positive steric 
asym m etry factor in agreement with the sign of the value 
m easured for the scattering into the f t = 3 /2 , J = 5 /2 ,  f  state. 
The scattering of OH by N 2 exhibits a similar stereodynam- 
ics as the O H + C O  system for rotational excitation into this 
state. A ccording to Ref. 47, the deepest van der Waals well 
corresponds to a linear m olecular structure with a binding 
energy (D e) o f about 460 cm -1 and is also located at the H 
side. From  the com parison of the steric factors m easured for 
low rotational excitation ( f t = 3 /2 ,  J  = 5 /2 , f )  of OH as a re­
sult o f collisions w ith HCl, CO, and N 2, one finds that the 
corresponding sign of the steric asym m etry factor is related 
to the orientation of the OH within the van der W aals com ­
plexes.
In contrast, the steric factor for the scattering of OH by 
HCl into the f t = 3 /2 , J = 5 /2 ,  e state is very small and posi­
tive. A  sim ilar value was also m easured for the collisions 
im plying excitation into the f t = 3 /2 , J = 7 /2 ,  e state. In turn, 
a large positive steric factor was m easured for excitation into 
the f t = 3 /2 , J = 9 /2 ,  e state, which seems to be at variance 
with the other values. We have shown above that the dynam ­
ics at these collision energies seems to be influenced by the 
van der W aals well, therefore we could also expect the for­
mation of energized van der Waals com plexes which would 
dissociate, releasing OH radicals w ith a preferential elec­
tronic orbital configuration. Unequal populations of the two 
A -doublet states corresponding to the two possible configu­
rations of the OH electronic orbital w ere already found in the 
dissociation of water and of other OH-containing 
com plexes.48,49
The excitation into low  rotational states of the f t  = 1 /2  
ladder is m ainly governed by the difference potential Vdiff, 
which according to recent ab initio calculations seems con­
siderably less anisotropic than Vsum, and exhibits only a shal­
low well.36 The experim ental results are in agreement with 
this smaller anisotropy, resulting in a reduced influence of 
the OH orientation on the m agnitude of the inelastic cross 
sections. We should note though that the steric factor for 
excitation into the f t  = 1 /2 , J = 5 /2 ,  f  state is sensibly differ­
ent from  zero. The negative value of S  could be due to the 
contribution to the scattering am plitude of the m ore aniso­
tropic term s of the Vsum. This interference of Vsum in the 
scattering dynam ics involving the spin-orbit-changing transi­
tions is increasing with the excitation into higher rotational 
states for which the OH angular m om entum  coupling is no 
longer described by a pure H und’s case (a).50
A t the low collision energies used in the experiments 
investigating the scattering of OH by HCl, CO, and N 2, the 
long-range dipole-dipole and dipole-quadrupole interactions 
appear to dom inate the dynam ics at least for the lowest ro ­
tational excitation. However, it is also known that strong 
long-range anisotropic forces m ay induce a loss of the initial 
state orientation of the reactants, through trapping and reori­
entation effects.51,52 Trapping m ay cause a reduction of the 
steric effect for collisions taking place at large intermolecular 
distances. In this case, the collision partner being captured by
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the partly attractive potential will fly around the target m ol­
ecule and will collide with it on the side or even at the back. 
The reorientation effects consist of a change of the molecular 
axis orientation due to the same long-range forces, resulting 
in a reduction of the steric effect and m ay also be present 
over a w ider range of im pact param eters than trapping. In 
general, the collisions at large im pact param eters are respon­
sible for the excitation into low  rotational states. Conversely, 
the collisions resulting in a large change in the internal en ­
ergy will occur mostly at a small im pact parameter. Conse­
quently, the reduction of the steric effect may affect all final 
rotational states excited in the present experiment.
An inspection of the steric asym m etry factor S , m ea­
sured for the highest rotational state excited in the present 
experiments, f t = 3 /2 , J = 9 /2 ,  f ,  reveals a reduction of its 
absolute value as com pared with the values determ ined for 
excitation into low er-J states. If  reorientation effects would 
take place, the prepared orientation would be scrambled as 
the m olecular axis o f the two partners would be steered by 
the long-range interaction into a preferred orientation. In 
these conditions, the scattering signals m easured for the two 
initially prepared orientations will differ less and S  will d i­
minish and approach zero, which may explain the reduction 
of the steric factor for the transition to the f t = 3 /2 , J  = 9 /2 , f  
state. Because OH is not rotating and has a lower inertia 
m om entum  than HCl due to the larger rotational constant, its 
axis would reorient easier. Besides, for HCl molecules which 
are rotating, the interm olecular axis cannot orient itself so 
easily. The strong dipole-dipole interactions m ay reorient 
some of the molecules initially oriented with the H side to ­
wards HCl in such a way that their O side would be more 
exposed to the HCl attack. The strength of the long-range 
interactions and the initial state of the colliding partner de­
term ine the degree of reorientation. As the long-range forces 
are the strongest for the interaction between OH and HCl, we 
also should expect stronger reorientation effects than in the 
case of O H + C O  and O H + N 2 systems. In addition, assuming 
that the beam  tem perature is the same for all OH collision 
partners, about 20 K, the rotational population distribution 
will peak at higher rotational states for CO and N 2 as com ­
pared to HCl, for which the most populated states at this 
tem perature are J  = 0  and J  = 1 . For the former two, the long- 
range electrostatic forces are averaged over the rotational 
distribution, which will result in their further reduction as 
com pared with those describing O H -H C l interaction and 
weaker reorientation effects are to be expected. O f course, 
the m agnitude of the reorientation effects depends also on 
the tim e needed for the OH m olecular axis to reorient itself 
as com pared to the relative velocity. It is difficult to asses the 
reorientation issue for the excitation into the f t  = 3 /2 , J  
= 9 /2 , f  state, partially due to the large experim ental uncer­
tainties affecting the m easurem ent of the corresponding 
steric factor. Therefore, additional experim ents and theoreti­
cal calculations are required to provide higher accuracy in­
formation and a system atic survey of S  by varying the initial 
conditions as relative velocity and rotational temperature.
V. SUMMARY
We address in this paper the stereodynam ical issues oc­
curring in the inelastic scattering of OH (X2n )  radicals by 
HCl (X 12 +). The experim ents were perform ed in a crossed 
m olecular-beam  m achine at the nom inal collision energy of 
920 cm-1. The OH molecules were state selected in the low ­
est rotational state, v  = 0, f t = 3 /2 , J = 3 /2 ,  M J = 3 /2 , f ,  using 
a hexapole and subsequently oriented in a hom ogeneous 
electrical field. We have m easured rotationally resolved rela­
tive cross sections for collisions in which OH is oriented 
with either the O side or the H side towards HCl, from which 
we have calculated the steric asym m etry factor S . The results 
are presented in com parison with data previously obtained 
by our group for the collisions of OH with CO (Ecoll 
= 985 cm-1) and N 2 (Ecoll=985 cm -1) under sim ilar experi­
mental conditions. Once again, the com parison with these 
two systems points towards the fact that the PES is less head- 
tail symm etric with respect to the OH orientation for the 
interaction with HCl than for that w ith CO and N 2 as it was 
also indicated by the lack of A -doublet propensity found for 
the relative cross sections m easured for collisions between 
HCl and nonoriented OH radicals.
A  rem arkable difference was observed for the scattering 
into low -J  states where a preference for collisions at the H 
side (negative S) was found, while for the OH + C O /N 2 sys­
tem  the collisions at the O side (positive S) were preferred. A 
decrease in the negativity of the steric asym m etry factor 
seems to be apparent for the scattering into the highest J  
state, f t = 3 /2 , J = 9 /2 ,  f ,  as also found for the O H + N 2 sys­
tem. For the interpretation of these results we have taken into 
account the anisotropy and the topology of the interaction 
potential governing both inelastic and reactive collisions. 
The presence of a well corresponding to the van der Waals 
com plex located at the O side of OH and correlating with the 
transition state seems to play a role in the dynam ics at this 
low collision energy. M oreover, from  previous experimental 
and theoretical data we estim ate that the collision energy of 
the present study should exceed the reaction barrier. The in­
terference of reactions could also be used to explain the 
negative steric asym m etry factor obtained for the excitation 
into the f t = 3 /2 , J = 5 /2 ,  f  state, as opposed to the positive 
value obtained for collisions of OH with CO for which the 
collisions at the H side would lead to reactions via the 
O H -C O  van der Waals com plex correlating with the HOCO 
intermediate. The decrease in the negativity of the steric 
asym m etry factor for higher rotational excitation m ay indi­
cate that reorientation effects may influence the dynam ics at 
this collision energy.
To summarize, the interpretation of our data in term s of 
the anisotropy of the PES indicates that the scattering dy­
nam ics at this collision energy (920 cm -1) m ay be influenced 
by the H O -H C l van der W aals well and by the reorientation 
effects determ ined by the long-range electrostatic forces and 
may as well involve reactive collisions. A dditional experi­
m ents o f the OH + HCl system concerning studies o f reactive 
collisions and van der Waals com plexes would be very useful 
in ascertaining the proposed explanations and understanding
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its dynamics. A  reactive study at this low  collision energy 
may seem very challenging, as the reactive cross sections are 
predicted to be quite small, but we expect it to be feasible by 
the application of the sensitive REM PI technique for the de­
tection of the atomic reaction product. Furtherm ore, by ex ­
tending the investigation of the system dynam ics over a 
wider energy regim e, one can establish the influence of the 
reorientation effects and the relative contribution of the reac­
tive channel. Another way of verifying the interpretation pro­
posed herein would be to perform  sim ilar inelastic-scattering 
m easurem ents involving the isotopom ers of OH and/or HCl 
that will sample different regions of the respective potential- 
energy surfaces (PESs) involving higher reaction barriers 
due to the change in the zero-point energy (ZPE) and possi­
bly slightly m ore bound van der Waals com plexes. An im ­
portant step in understanding the stereodynam ics of this sys­
tem  at low collision energies can be m ade w ith the help of 
quasiclassical trajectories and quantum  scattering calcula­
tions. For a m eaningful com parison with experim ental re ­
sults, it is necessary to obtain inelastic and reactive cross 
sections using potential-energy surfaces, which include accu­
rate descriptions of the van der Waals and transition state 
regions.
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